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1. Introduction 
Following the finding that lycorine (an alkaloid 
from Amarillidaceae) is a powerful inhibitor of ascor- 
bic acid (AA) biosynthesis, it was possible to establish 
that large amounts of AA are utilized in plant cell 
metabolism [ 1,2], similarly to what happens in animals 
[3,4]. Cell metabolism utilizes ascorbic acid essentially 
as an electron donor, so that AA undergoes continuous 
oxidation and reduction. Oxidation products are ascor- 
bic free radical (AFR) and dehydroascorbic acid 
(DHA). They can be reconverted to AA by two en- 
zymes: AFR-reductase (NADH:AFRoxidoreductase = 
NADH:monodehydroascorbate oxidoreductase, EC 
1.6.5.4) [5-81 and DHA-reductase (GSH:dehydro- 
ascorbate oxidoreductase, EC 1.8.5.1) [9]. 
Here we report data concerning the relative contri- 
bution of these two enzymes in maintaining the ascor- 
bic acid system in the reduced state. 
2. Materials and methods 
Onion and broad bean roots and etiolated pea seed- 
lings were dark-grown in our laboratory on moist ver- 
miculite. Other plant materials were obtained from 
commercial sources. The chopped tissue was placed in 
a medium containing 50mM Tris-HCl, 0.3 M mannitol, 
1 mM EDTA, 10 mM MgC12, 0.1% bovine serum albu- 
min and 0.05% cysteine at pH 7.8. A Polytron was 
used for homogenization and the resulting homogenate 
was strained through nylon cloth. 
Algae were harvested on the South Adriatic coast, 
washed and powdered in liquid nitrogen. The powder 
was placed in the above medium and grinded using a 
Potter glass homogenizer. 
Mouse fibroblasts cultured according to [lo] were 
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provided by the General Pathology Institute of our 
University. The pelletted cells were resuspended in the 
above medium and ruptured by sonication with a 
Branson sonifier. 
The homogenates from all assayed tissues were cen- 
trifuged at 600 X gav. to remove cell debris and nuclei. 
Mitochondria were precipitated at 7000 X g,. for 
20 min, washed twice and resuspended in the homog- 
enization medium minus EDTA and cysteine. The 
microsomal fraction was precipitated by centrifuga- 
tion at 100 000 X g for 1 11 and resuspended in the 
same medium as the mitochondria [I 11. 
AFR-reductase activity was assayed by measuring 
the rate of NADH oxidation at 340 nm in the presence 
of AFR generating systems (see fig.1). DHA-reductase 
activity was assayed by measuring the rate of AA for- 
mation at 265 nm in a reaction mixture containing 
enzyme, 1 mM DHA, 1 mM GSlf, and 100 mM phos- 
phate buffer (pH 6.3) in 3 ml final vol. AA-oxidase 
activity was assayed by following AA oxidation at 
265 nm. Protein was assayed by the method in [12]. 
3. Results and discussion 
AFR- and DHA-reductase activities of various higher 
plants, algae and animal cells are listed in table 1. AFR- 
reductase appears to be an ubiquitous enzyme, while 
DHA-reductase does not. DHA-reductase, whenever 
present, is confined to the cytosol (table 2). AFR- 
reductase is present in mitochondria, microsomes, 
soluble fraction (table 2) and chloroplasts [ 131 of 
plant tissues. Animal tissues do not show DHA-reduc- 
tase activity and AFR-reductase seems to be associated 
with mitochondria and microsomes in animal cells [8]. 
The presence of AFR-reductase in all these cell 
compartments makes it likely that AFR, a substrate 
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Table 1 NADH 
AFR-reductase, AA-oxidase, and DHA-reductase activities 
of various plant tissues and animal cells 
enzyme AA AAoxidase 
I 1 h 
AFR-a AA-b DHA-’ 
reductase oxidase reductase 
Potato tuber 0.58 0 
Jerusalem arti- 
choke tuber 0.47 0 
Onion root 0.61 0 
Broad bean root 0.30 0.16 
Cauliflower bud 1.04 0 
Cucumber squash 2.59 1.88 
Etiolated hook pea 0.96 0 
Pterocladia frond 0.23 0 
Gigartina frond 0.33 0 
Hypnaea frond 0.42 0 
Gracilarib frond 0.62 0 
Mouse fibroblasts 
(BHK) 0.12 0 
Virus-trans- 
formed mouse 
fibroblasts (LS) 0.22 0 
0.16 
0 
0.06 
0.20 
0.38 
0.25 
0.02 
0 
0 
0 
0 
afimol NADH oxidized min-’ mg protein-‘; bpmol AA oxi- 
dized min-’ mg protein“; Cpmol DHA reduced min-’ mg 
protein-’ 
of the enzyme, is generated in each of them. Different 
AA oxidizing systems can generate AFR: 
6) 
(ii) 
The aerobic oxidation of AA by ascorbate oxidase 
(L-ascorbate:oxygen oxidoreductase, EC 1.10.3.3) 
generates AFR (fig.la). However, there is no cor- 
relation between the occurrence of AFR-reductase 
and AA-oxidase: the first is present in all assayed 
plant and animal tissues and the latter is present 
only in a few plant materials (table 1). Thus, AFR- 
reductase activity does not seem to be dependent 
‘in vivo’ on the AFR generated by AA-oxidase. 
The anion radical of oxygen, superoxide, oxidizes 
ascorbate and also yields AFR (fig.lb) [14]. The 
Table 2 
AFR-reductase and DHA-reductase activities in different cell 
compartments of potato tuber 
AFR-a DHA-b 
reductase reductase 
Mitochondria 0.29 0 
Microsomcs 0.10 0 
Soluble fraction 0.58 0.16 
“mnol NADH oxidized min-’ mp protein-‘; bpn,ol DHA 
reduced min-’ mg protein-’ 
d 
d 
N 
d t 
NADH 
enzyme AA 
f 
enzyme 
I*\ 
1 min 
\ 
C 
Fig.1. AFR-reductase activity assayed with different AFR 
generating systems. Reaction mixture contained 0.2 mM 
NADH, enzyme from potato tuber (-400 wg protein), I mM 
AA,and: (a) IU AA-oxidase;(b) 0.15 mM xanthine and0.25U 
xanthine oxidase; (c) 2 mM H,O,; in 3 ml final vol. Adding 
hydrogen peroxide prior to ascorbate did not affect NADH 
oxidation in curve (c). The change in absorbance was monitored 
at 340 nm. 
(iii) 
affinity of superoxide for AA in generating AFR 
must be very high, as the rate of AFR reduction 
by NADH was high. The reaction between super- 
oxide and ascorbate to yield AFR may be a mech- 
anism to eliminate the toxic superoxide anions 
formed during the cell metabolism in different cell 
compartments [ 15,161. AFR-reductase is present 
in all these compartments and may reconvert AFR 
to AA. This system would then act as a super- 
oxide ‘scavenger’ in addition to superoxide dis- 
mutase (SOD), particularly if SOD activity is 
low. Actually, we found increased AFR-reductase 
activity in virus-transformed mouse ftbroblasts 
which showed reduced SOD activity compared to 
normal fibroblasts [ 171. 
Fig.lc shows that AFR is generated during the 
oxidation of AA by hydrogen peroxide as well. 
However, the effectiveness of this system may be 
low. The rate of this reaction was lower than that 
observed with superoxide, though the concentra- 
tion of peroxide used was as high as 2 mM. AFR 
generation by hydrogen peroxide may, however, 
become important if a peroxidase is operating in 
the system. The rate of ascorbate peroxidation in 
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chloroplasts is very high [ 181. Therefore, a more 
powerful system is necessary for the generation 
of AA than the non-enzymic reduction of dehy- 
droascorbate by reduced glutathione [ 191. The 
chloroplasts exhibit AFR-reductase activity [ 131. 
Therefore, we suggest hat the reduction of AFR 
by AFR-reductase is the main mechanism to regen- 
erate AA in chloroplasts. 
Ascorbic acid is known to be involved in biological 
defence mechanisms [20,21]. High levels of AA in tis- 
sues help to counteract the action of various pathogens 
[22]. Thus, high levels of both AFR production and 
AFR-reductase activity may be expected in the host 
cells engaged in the inactivation of the pathogen. We 
found increased AFR-reductase activity in resistant 
varieties of tomato plants subjected to nematode at- 
tack, as compared to susceptible varieties. 
In conclusion, many ascorbatedependent metabolic 
reactions generate AFR as the first oxidation product 
and DHA as the final product. AFR is efficiently recon- 
verted to AA by AFR-reductase which appears to be 
an enzyme essential in maintaining the ascorbic acid 
system in the reduced state. In this respect, DHA- 
reductase seems to play a secondary role. 
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